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Abstract

Objective 5-(1-(2-['®F]fluoroethoxy))-[3-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)-propyl]-5,6,7,8-tetrahydronaph-
thalen (['®F]MC225) is a selective substrate for P-glycoprotein (P-gp), possessing suitable properties for measuring over-
expression of P-gp in the brain. This is the first-in-human study to examine safety, radiation dosimetry and P-gp function at
the blood—brain barrier (BBB) of ['®F]M(C225 in healthy subjects.

Methods ['®F]MC225 biodistribution and dosimetry were determined in 3 healthy male subjects, using serial 2 h and inter-
mittent 4 and 6 h whole-body PET scans acquired after ['®F]MC225 injection. Dynamic ['®F]MC225 brain PET (90 min)
was obtained in 5 healthy male subjects. Arterial blood was sampled at various time intervals during scanning and the frac-
tion of unchanged ['*FJM(C225 in plasma was determined. T1-weighted MRI was performed for anatomical coregistration.
Total distribution volume (V) was estimated using 1- and 2-tissue-compartment models (1-TCM and 2-TCM, respectively).
V1 was also estimated using the Logan graphical method (Logan plot) (#* =20 min). Surrogate parameters without blood
sampling (area-under the curve [AUC] of regional time—activity curves [TACs] and negative slope of calculated TACs) were
compared with the V. values.

Results No serious adverse events occurred throughout the study period. Although biodistribution implied hepatobiliary
excretion, secretion of radioactivity from liver to small intestine through the gallbladder was very slow. Total renal excreted
radioactivity recovered during 6 h after injection was <2%ID. Absorbed dose was the highest in the pancreas (mean +SD,
203 +45 pGy/MBq) followed by the liver (83 + 11 pGy/MBq). Mean effective dose with and without urination was 17 + 1
uSv/MBgq. ['®FIMC225 readily entered the brain, distributing homogeneously in grey matter regions. 2-TCM provided lower
Akaike information criterion scores than did 1-TCM. V; estimated by Logan plot was well correlated with that of 2-TCM
(?>0.9). AUCs of TACs were positively correlated with V; (2-TCM) values (7*: AUC_ ¢ pin = 0.61, AUC 3 min = 0.62,
AUC5 60 min="0.59, p <0.0001). Negative slope of SUV TACs was negatively correlated with V; (2-TCM) values (r*=0.53,
p<0.0001).

Conclusions This initial evaluation indicated that ['*F]M(C225 is a suitable and safe PET tracer for measuring P-gp function
at the BBB.
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Introduction

The blood—brain barrier (BBB) plays an important role
in protecting the brain from xenobiotics and in maintain-
ing homeostasis in the internal environment of the central
nervous system [1]. P-glycoprotein (P-gp), encoded by
MDR1 (ABCB1) gene, is a member of the ATP-binding
cassette transporter protein superfamily that is constitu-
tively expressed in the luminal membrane of the BBB. It
protects brain tissue against small hydrophobic xenobiotics
that can passively diffuse through the BBB by selectively
transporting them from cells into the extracellular space
[2]. Hence, P-gp may also limit or prevent the access of
drugs, such as antiepileptics, antidepressants and anti-
cancer drugs to their target sites in the brain [3]. Multi-
ple lines of clinical and preclinical evidence suggest that
enhanced P-gp function at the BBB may be responsible for
drug resistance in several diseases [4], including epilepsy
[5-7], depression [8, 9] and human immune deficiency
syndrome [10]. Furthermore, altered P-gp function at the
BBB has been proposed as a possible aetiology of neu-
rodegenerative disease; e.g., decreased P-gp function is
associated with a lower clearance of f-amyloid (AP) out
of the brain, which would result in a predisposition for A
deposition in Alzheimer’s disease (AD) [11-13]. A sig-
nificant decrease of P-gp function in Parkinson’s disease
patients is likely to facilitate the accumulation of toxic
compounds in the brain [14, 15].

Several potent P-gp substrates, including (R)-verapamil,
have been labelled for imaging P-gp function with PET
[16—18]. These substrates have high affinity for P-gp and
because of efflux transport, a high brain uptake of the
tracer reflects a decrease in P-gp function. However, they
are not likely to measure overexpression of P-gp because
the concentration of the tracer is already almost unmeasur-
able at baseline [16—18]. Besides low brain uptake of (R)-
[''C]verapamil, another disadvantage of this radiotracer is
the formation of labelled metabolites that also act as P-gp
substrate [19].

5-(1-(2-['®F]fluoroethoxy))-[3-(6,7-dimethoxy-3,4-di-
hydro-1H-isoquinolin-2-yl)-propyl]-5,6,7,8-tetrahy-
dronaphthalen (['®F]MC225) has been developed as a
selective substrate for P-gp with good metabolic stability
[20] and has shown higher baseline brain uptake than that
of other P-gp substrates in rodents [21] and non-human
primates [22, 23]. These are suitable properties for meas-
uring both increases and decreases in BBB P-gp function.
These convincing results stimulated us to undertake an
initial evaluation of ['®F]M(C225 in human subjects as a
phase 1 study.

The radiosynthesis of ['*F]MC225 was straightfor-
ward and met the GMP standards for human use [24]. The

radiation absorbed dose estimated from mouse biodistribu-
tion data were the highest in the pancreas, but the effective
dose was similar in magnitude to most other '3F-labelled
PET tracers [25]. The potential risk associated with [13F]
MC225 PET imaging is well within acceptable dose lim-
its. The absence of any abnormalities in rats in the acute
toxicity tests of MC225 and ['®F]MC225 injection and the
absence of mutagenicity of MC225 together demonstrate
the clinical suitability of ['®F]MC225 for the use in PET
studies in humans [24].

The aim of the present first-in-human study of ['®F]
MC225 was to examine the safety, radiation dosimetry and
brain kinetics of ['®F]MC225 in healthy human subjects.

Materials and methods
Study design

This open-label phase 1 study was conducted using 2 cohorts
(cohorts A and B). In cohort A, we estimated the biodis-
tribution and whole-body dosimetry of ['*F]MC225. In
cohort B, we measured ['SFIMC225 uptake in the brain and
modelled radiotracer kinetics using radiometabolite-cor-
rected arterial input function. The study protocol (Trial ID:
jRCTs031190136) was approved by the Ministry of Health,
Labour and Welfare-certified Clinical Research Review
Board of the Tokyo Metropolitan Geriatric Medical Center
(CRB3180026), and was performed in accordance with the
World Medical Association Declaration of Helsinki. Written
informed consent was obtained from all volunteer subjects
prior to the study.

Study subjects and eligibility

Subjects were recruited using the healthy volunteer data-
base of 3H Clinical Trial (Tokyo, Japan). Cohort A included
3 healthy male subjects (43.3 +10.7 years) and cohort B
included 5 healthy male subjects (39.2 +13.2 years). For
anatomical coregistration, MRI was performed in cohort
B using a Discovery MR750w 3.0 T scanner (GE Health-
care, Milwaukee, WI). A 3-dimensional (3D) fast spoiled
gradient-echo (repetition time, 7.6 ms; echo time, 3.1 ms;
inversion time, 400 ms; matrix, 256 X256 X 196 voxels)
T1-weighted whole-brain image was acquired for each
subject.

The main exclusion criteria in cohorts A and B were
abnormal physical or neurological examination or paraclini-
cal investigations (biochemistry, haematology and cardio-
vascular systems using standard laboratory tests and electro-
cardiograms), history of significant medical illness including
major internal pathology or neurological and neuropsy-
chiatric disorders, history of severe drug hypersensitivity,
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smokers, significant abnormalities on anatomical MRI and
the use of prescribed pharmaceuticals, general pharmaceu-
ticals, quasi-drugs and health food products that induce,
inhibit, or act as a substrate for P-gp. Subjects were asked
to not drink alcohol on the day prior to the scan or on the
scan day itself.

['®FIMC225 synthesis

Radiosynthesis and quality control of ['*FIMC225 were
performed as described previously [24]. ['BFIMC225 was
obtained with radiochemical purity of 96.9% +0.6% (range,
95.8%—-97.5%) and molar activity of 1074 + 587 GBg/pmol
(range, 122-1922 GBg/pmol) at the end of synthesis.

Subject dosing

No specific subject preparation such as fasting was requested
prior to scanning. Subjects received an average dose of
186.5 +14.9 MBq (range, 163.5-211.8 MBq) of ['*F]
MC225 over 1 min as a bolus via a catheterized antecu-
bital vein. The average injected mass of ['* F]MC225 was
0.27+0.31 pg (range, 0.09-1.03 pg) with average molar
activity of 515+303 GBg/pmol (range, 77-1078 GBg/pmol)
at the time of injection. Table 1 lists the demographic data
and dose information for all subjects in each study cohort.

Safety monitoring

Vital signs, including heart rate, pulse oximetry, blood
pressure and body temperature were monitored pre- and
post-administration of ['*F]M(C225. Blood specimens were
obtained and analysed (serum biochemistry and haematol-
ogy analyses) before and at 7 days post-injection of ['*F]
MC225. Adverse events were recorded on the day of ['°F]

MC?225 injection and throughout the follow-up period until
day 7. The detailed protocol for investigating safety monitor-
ing was the same as that reported previously [26].

Whole-body imaging

The protocol for investigating radiation dosimetry in human
subjects using whole-body imaging was essentially the same
as that reported previously [27]. Whole-body PET/CT was
obtained using a Discovery MI PET/CT scanner (GE Health-
care) in 3D mode with an axial field of view 20.8 cm, spa-
tial resolution of 3.91 mm in full width at half maximum
(FWHM) and a z axis resolution of 4.50 mm in FWHM [28].
We acquired 431 slices for each 3D reconstruction.

Low-dose CT was used for attenuation and scatter cor-
rection of the PET emission scan. The first PET acquisition
was started 1 min after the intravenous bolus injection of
190 +20 MBq (0.2-0.5 nmol) of ['8F]MC225. Whole-body
scanning comprised 11-bed-position scans (overlap of 35
of 71 slices per bed position, 15 s/bed position x4 frames,
30 s/bed position X 13 frames and 60 s/bed position X 3
frames) from the top of the head to midthigh. Further static
images (120 s/bed position X 1 frame) were performed at
4 h and 6 h after injection. In between scans, the subjects
were allowed to leave the scanner bed and urine was col-
lected for measurement of radioactivity and determination
of the metabolite fraction by high-performance liquid chro-
matography (HPLC). Whole-body data were reconstructed
under the following conditions: 3D-ordered-subset—expec-
tation maximization (3D-OSEM); 34 subsets; 2 iterations;
Gaussian filter, 5.0 mm (FWHM); 128 matrix; field of view,
700 mm; 5.5 mm/pixel.

Regions of interest (ROIs) were placed manually over
17 organs that could be identified from PET or in the low-
dose CT images: adrenals, brain, gallbladder, small intestine,

Table 1 Subject demographic data and dose information including net injected doses of ['*FIMC225 with corresponding injected mass, molar

activity and plasma free fraction when appropriate

Volunteer Sex  Age(y) Height(cm) Weight (kg)  Activity (MBq) Injected MA (GBg/pmol)  Normalized o (%)
number mass (pg) injected mass (ng/
kg)
Cohort A
1 M 55 169.8 78.6 188.0 0.21 408.5 2.72
2 M 34 176.1 50.5 211.8 0.09 1077.7 1.69
3 M 41 178.2 73.1 171.4 0.13 500.7 1.75
Cohort B
4 M 50 172.7 97.4 183.9 1.03 76.9 10.53 0.3
5 M 50 163.0 60.2 197.3 0.26 326.1 4.26 0.4
6 M 28 171.9 78.2 184.9 0.09 794.8 1.09 0.3
7 M 46 161.0 60.8 191.4 0.17 502.3 2.81 0.4
8 M 22 174.4 79.8 163.5 0.17 429.3 2.14 0.2

MA molar activity, f, plasma free fraction
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stomach, colon, heart wall, kidneys, liver, lungs, pancreas,
bone marrow (thoracic and lumbar vertebrae), spleen, thy-
mus, thyroid, testis and urinary bladder. The decay-uncor-
rected and decay-corrected time—activity curves (TACs) of
organs were calculated as the percentage injected dose per
organ. The normalized number of disintegrations (MBg-h/
MBq administered) was then calculated for each source
organ, which is equal to the area under the TAC multiplied
by the volume of the organ ROI. The volume of bone mar-
row in which only part of the organ could be measured was
substituted by the volume calculated from the mass of red
marrow in the standard adult male phantom (1.12 kg for
73.7 kg of body weight), adjusted by the subject’s body
weight and 1 g/ml as the specific gravity [29]. The area
under the TAC was calculated by summing the area from
time O to the endpoint and the area from the endpoint to
infinity of the uncorrected TACs. The former area was calcu-
lated by trapezoidal integration and the latter area was calcu-
lated by integration of radioactive decay from the endpoint.

The absorbed dose in 25 target organs of the adult male
phantom was estimated from the normalized number of dis-
integrations of source organs by implementing the MIRD
method using OLINDA/EXM (Vanderbilt University, Nash-
ville, TN) [30]. The effective dose was calculated using the
methodology described in the Recommendations of the
International Commission on Radiological Protection (Pub-
lication 103) [31].

Brain PET scanning

PET scanning was performed using a Discovery MI PET/
CT scanner (GE Healthcare). After low-dose CT scan-
ning to correct for attenuation and scatter, [ FIMC225
(164-197 MBq/0.2-2.4 nmol) was injected into the antecu-
bital vein of each subject as a bolus for 1 min and a 90-min
dynamic scan was then acquired in 3D mode (20 s X3

frames, 30 s X 3 frames, 60 s X5 frames, 150 s X5 frames
and 300 s x 14 frames). Arterial blood samples (each 0.5 ml)
were obtained at 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
120, 135, 150 and 180 s and also at 5, 7, 10, 15, 20, 30,
40, 50, 60, 75 and 90 min. The whole blood and separated
plasma were weighed, and the radioactivity was measured
with a Nal (TI) well scintillation counter (BeWell Model-
QS03 F/B; Molecular Imaging Labo, Suita, Japan). To ana-
lyse the labelled metabolites, an additional 1.5 ml of blood
was obtained at 3-, 10-, 20-, 30-, 40- and 60-min scan dura-
tions. Free fractions (fp) were determined by the ultrafiltra-
tion method as described previously [32].

After PET scanning, urine was obtained from each sub-
ject and radioactivity was measured. Unaltered ['*FIMC225
and radioactive metabolites in plasma were determined by
HPLC.

Tomographic images were reconstructed using 3D-OSEM
(16 subsets, 4 iterations) and incorporating time-of-flight
information. The dynamic images were post-smoothed
with a 3D-gaussian filter of 4 mm FWHM. The data were
reconstructed in a 128 X 128 X 71 matrix and voxel size of
2.0x2.0%x2.79 mm. Using the MRI obtained for coregis-
tration for reference, partially overlapping circular ROIs of
diameter 10 mm were placed on 9 brain regions: the frontal,
temporal, parietal, occipital and cerebellar cortices and the
thalamus, putamen, head of caudate nucleus and choroid
plexus (Fig. 1a). TACs for these ROIs were calculated as
Bg/ml or as standardized uptake value [SUV, (activity/ml
tissue)/(injected activity/body weight)]. Using TACs of
tissues and the metabolite-corrected TAC of plasma, we
evaluated V; for ['8F]MC225 using a 1-tissue-compartment
model (1-TCM) (K,/k,) and a 2-tissue-compartment model
(2-TCM) [K/ky X (1 + ks/ky)]. PMOD (PMOD Technologies
LLC, Zurich, Switzerland) was used in these evaluations.
The blood delay of each subject was calculated using the
mean TACs of the overall ROIs, and this value was then

Fig. 1 Representative MR (a) and ['®F]MC225 PET (b) images
summed from 20 to 40 min after injection (SUV )4 min) Obtained
from subject number 4. The red circles on the MR images are regions
of interest: Crbl=cerebellar cortex, Cdt=head of caudate nucleus,

Choroid = choroid plexus, Frtl =frontal cortex, Occ = occipital cortex,
Prtl=parietal cortex, Put=putamen, Thlm =thalamus, Tmp =tempo-
ral cortex
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fixed for each ROI. All models were assessed both using a
fixed (5%) fractional blood volume (vB) and using vB as a fit
parameter. The goodness of fit by the 2-model analyses was
evaluated using Akaike information criterion (AIC). Vi was
also estimated by the Logan graphical method (Logan plot)
(#* =20 min) [33] using in-house programs in MATLAB
(MathWorks, MA). Additional surrogate PET kinetic param-
eters calculated without blood sampling were area under the
curve (AUC) for the SUV of regional TACs from 0 to 60 min
(AUC_g0 min)» further subdivided into those from 0 to 30 min
(AUC 30 1min) and those from 30 to 60 min (AUC5 g0 min)-
The use of the negative slope calculated using the TACs has
been proposed as a simplified method for measuring P-gp
function [34, 35]. We also calculated the negative slope of
the regional SUV TACs from 20 to 90 min after ['SF]MC225
injection. These surrogate parameters were compared with
the V7 values as the reference parameters.

Metabolite analysis

Blood samples were collected at 3, 10, 20, 30, 40 and
60 min after the tracer injection; and urine was recovered
at 149 +21 min (range, 134—173 min, n=3). The samples
were analysed by HPLC to determine the parent and metabo-
lites of ['®F]MC225. The blood was centrifuged at 8700 g
for 40 s at 2 °C to obtain plasma, which was denatured with
an equivalent volume of 100% acetonitrile (final concen-
tration, 50% acetonitrile) in an ice-water bath. The suspen-
sion was centrifuged using the same conditions and divided
into soluble and precipitated fractions. The precipitate was
resuspended in the same volume of 100% acetonitrile fol-
lowed by centrifugation. This procedure was repeated twice.
Radioactivity in the 3 soluble fractions and the precipitate
was measured with an auto-y-counter (Hidex AMG; Hidex,
Turku, Finland). In this treatment of plasma, less than 8%
of the total radioactivity is left in the final precipitation.
The soluble fraction was combined and analysed by HPLC
with a radioactivity detector (RAMONA Star; Elysia-raytest,
Liege, Belgium). A YMC-Pack ODS-A column (10 mm
inner diameter X 250 mm length; YMC, Kyoto, Japan) was
used with acetonitrile/50 mM aqueous acetic acid/50 mM

1 4.5 15 33.5 46 65

Fig.2 Whole-body time—activity distribution of [‘*F]M(C225 in sub-
ject number 2, with representative decay-corrected maximum-inten-
sity-projection images. PET image intensities are expressed as SUV.

@ Springer

aqueous sodium acetate, pH 4.5 (74/13/13, v/v/v) at a flow
rate of 4 ml/min. The retention time of ['*FIMC225 was
9.1 min. The urine samples were directly applied to HPLC.

Results
Safety monitoring

The administration of ['*F]MC225 was well tolerated by
all subjects. There was no adverse or clinically detectable
pharmacologic effect in any of the 8 subjects. No clinically
important trend indicative of a safety signal was noted for
any laboratory parameter, vital sign, or electrocardiogram
parameter.

Whole-body imaging

A representative whole-body distribution of ['*F]MC225 is
shown in Fig. 2 and decay-corrected TACs of source organs
for the same subject are shown in Fig. 3. ['SFIMC225 was
rapidly distributed in the brain, lung, heart, liver, pancreas,
kidney, small intestine and bone marrow and decreased
thereafter except in the liver and pancreas. Radioactivity
of the liver and pancreas gradually increased up to 120 min
and remained stable thereafter. Although the biodistribution
implied hepatobiliary excretion, secretion of radioactivity
from the liver to small intestine through the gallbladder was
very slow. The total renal excreted radioactivity recovered
during 6 h after injection was only <2%ID (refer to the
results of metabolite analysis).

Table 2 lists the organ-absorbed and effective doses.
No organ showed a significant difference in absorbed dose
between with urination and without urination. The highest
absorbed dose was observed in the pancreas, followed by the
liver, gallbladder wall, heart wall, small intestine, adrenals
and kidneys. The mean effective dose with and without uri-
nation was calculated as 16.73 +1.03 and 16.77 +1.05 uSv/
MBgq, respectively.

20

0

77 20 119.5 240 360 (min)

The time (min) indicates the start of whole-body scanning relative to
['®FIMC225 injection
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Fig.3 Regional TACs of 17 source organs (a—d) after intravenous
injection of ['®F]MC225 in the same subject as in Fig. 2. The panels
show the TACs of source organs with high (a), moderate (b), low (c)

Brain PET scanning

Figure 1 shows representative ['F]MC225 images (Fig. 1b)
and the corresponding MR images of the brain (Fig. 1a).
['8FIMC225 was homogeneously distributed among the
grey matter. The appearance of laterality in brain uptake
is caused by progressive widening of the sulci in the left
brain on these slices. Figure 4 shows the mean TACs in the
9 brain regions after intravenous injection of ['8FIMC225.
Individual peak uptake time of brain radioactivity varied
widely. Averaged peak uptake of ['*F]MC225 in all 8 grey
matter regions and in the choroid plexus was 6.5 +4.2 min
(range, 1.8-16.3 min) and 5.7 +3.3 min (range, 3—11.3 min),
respectively.

According to the AIC scores, the best fits were
obtained when vB was used as a fit parameter (paired ¢
test, p <0.0001). The following analyses were performed
using vB as the fit parameter, which provided values rang-
ing between 1 and 8%. The preliminary kinetic analysis
revealed that the 2-TCM provided lower AIC scores than
did the 1-TCM. The standard errors of the estimated V. val-
ues were much larger for the 1-TCM than the 2-TCM fit
(paired  test, p <0.0001). There were no significant differ-
ences or trends in Vy values when the left and right ROIs
were analysed separately (Supplemental Fig. 1). Therefore,
a merged region from both the left and right sides was used

d
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0_
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and very low (d) radioactivity. Activities in bone marrow were esti-
mated in the thoracic and lumbar vertebrae

as each ROL Table 3 lists the Vi values estimated by 1-TCM,
2-TCM and Logan plot. These values were compared by lin-
ear regression and Bland—Altman plots (Fig. 5). The correla-
tion coefficient of linear regressions (Fig. Sa—c) was good
(#*>0.9), but the Bland—Altman plots revealed slightly more
variation for 2-TCM versus Logan plot (Fig. 5f) than for
1-TCM versus 2-TCM (Fig. 5d) and 1-TCM versus Logan
plot (Fig. 5e). The average difference between 1-TCM and
2-TCM and between Logan plot and 2-TCM was slightly
negative (—0.280 and —0.144, respectively), meaning that
Vi values obtained with 1-TCM and Logan plot were slightly
lower than with 2-TCM fit (Fig. 5d, f). The SUV AUC values
of the TACs were positively correlated with the V. (2-TCM)
values (7*: AUC ¢ in=0.61, AUC 3 1in =0.62 and AUC
30-60 min = 0-39, p <0.0001) (Fig. 6a—c). The negative slope
of the SUV TACs was negatively correlated with the V;
(2-TCM) values (*=0.53, p <0.0001) (Fig. 6d).

Metabolite analysis

Plasma radioactivity rapidly decreased after bolus injec-
tion (Fig. 7a). The radioactivity concentration was higher in
plasma than in whole blood (Fig. 7b).

Table 4 lists the results of the HPLC analysis of plasma.
Two hydrophilic metabolites (HM1, 3.2 min and HM2,
5.7 min) were detected in plasma. At 60 min after injection,
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Table 2 Organ-absorbed and effective doses of ['SF]MC225

Table 3 ['®FIMC225 V; estimated by 1-TCM, 2-TCM and Logan plot

Organ Absorbed dose (WGy/MBq) Brain region 1-TCM 2-TCM Logan plot
With urination  Without urination Cerebellar cortex 59+13 6.2+12 6.1+£12
Adrenals 18.03+0.50 18.03+0.50 Frontal cortex 49+1.1 S1+11 >-1£1.0
Brain 0.84+2.55 9.88+2.59 Temporal cortex 52+12 55+1.3 54+12
Breasts 8.60+0.29 8.64+0.28 Parietal cortex 51+1.2 53+12 52+1.1
Gallbladder wall 27.10+1.90 27.13+1.90 Occipital cortex 48+1.1 3.0+1.2 49+1.1
Lower large intestine wall 11.13+0.75 11.20+0.75 Thalamus S1x14 34+1.5 53+14
Small intestine 19.27+2.75 1933+2.72 Putamen 5.0+1.5 33+15 S1+14
Stomach wall 16274031 16.30+£0.30 Caudate 44x12 47x14 45+12
Upper large intestine wall 13.97+0.45 14.07 +0.45 Choroid plexus 46+1.6 3.0£1.6 48+16
Heart walls 24.37+5.85 2443591 1-TCM 1-tissue-compartment model, 2-TCM 2-tissue-compartment
Kidneys 17.20+2.80 17.23+2.74 model
Liver 83.13+£11.24 83.17+11.29 The data obtained in healthy male subjects (n=5), represented as
Lungs 16.40+2.72 16.40+2.72 mean +SD
Muscles 9.84+0.37 9.93+0.39
Ovaries 11.57+0.55 11.60+0.56
Pancreas 2033344477  203.33+44.77 intact ['8FIMC225 remained dominant (54.8% +7.9%,
Red marrow 15.03+0.25 15.13+0.25 n=35). The present peripheral metabolism of [BFIMC225
Osteogenic cells 16.87+0.75 16.93+0.72 was slower than that reported in rats (15% of unmetabolized
Skin 7.30+0.41 7.34+0.40 ['8FIMC225 at 60 min) [20] and in non-human primates
Spleen 13.50+2.54 13.53+2.56 (28% of unmetabolized ['*FIMC225 at 60 min) [22]. The
Testes 8.34+1.71 837+1.71 mean radioactivity voided into urine at 101 +3 min (range,
Thymus 8.88+2.88 8.90+2.86 97—104 min, n=4) and the cumulative voided radioactiv-
Thyroid 7.75+0.91 7.78+0.91 ity into urine at 351 +35 min (range, 316—386 min, n=23)
Urinary bladder wall 11.63+1.14 11.70+1.08 were 0.5% +0.1% (range, 0.3—0.6%, n=4) and 1.8% +0.1%
Uterus 11.43+0.60 11.50+0.56 (range, 1.7—1.9%, n=3) of injected activity, respectively.
Total body 12.53+0.06 12.63 +0.06 In urine, the hydrophilic metabolites HM1 (82.9% +4.6%,
Effective dose (mSv/MBq) 16.73+1.03 16.77+1.05 n=3) and HM2 (17.1% +4.6%, n=3) were observed, though

The data obtained in healthy male subjects (n=3), represented as
mean + SD

2.0 o Crbl
. o Fri
S 1.5
5
3 A Tmp
2 1.0 v Prtl
-% o Occ
< 057 o Thim

] o
0.0-m Put
T T T T T T T
0 30 60 go * Cdt
* Choroid

Time after injection (min)

Fig.4 Mean decay-corrected TACs of 9 brain regions after intrave-
nous injection of ['F]IMC225. Crbl=cerebellar cortex, Frtl = frontal
cortex, Tmp=temporal cortex, Prtl=parietal cortex, Occ=occipi-
tal cortex, Thlm=thalamus, Put=putamen, Cdt=head of caudate
nucleus, Choroid =choroid plexus. The data represent the mean in 5
subjects. SD is not displayed for the sake of clarity
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the parent radioligand was not detected.

The £, of ['|FIMC225 was very low (0.32% +0.08%,
n=>5). The ultrafiltrate-to-saline ratio was 68% +3% (n=>5),
indicating high retention of ['® F]MC225 on the filter.

Discussion

This is the first clinical study to assess the safety, radia-
tion dosimetry and initial brain imaging of ['*F]MC225 in a
small population of healthy human subjects.

We determined ['*F]MC225 to be safe and well tolerated,
with no adverse effects in the 8 subjects included in this
study. Because PET tracers are administered intravenously
as a bolus, it is important to consider their potential hazard
to the cardiovascular system. However, the highest adminis-
tered dose (10.53 ng/kg) was below 1/40,000 of the potential
vasodilator and cardiotoxic dose of MC225 [36].

There was no significant difference of absorbed dose
between with and without urination for any organ. The most
critical organ was the pancreas, which had absorbed dose
of 203 pGy/MBq, corresponding to 38 mGy of absorbed
dose when 185 MBq of ['®FIM(C225 was administered. Most
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Fig.5 Comparison of V; data calculated in different ways: correla-
tion of (a) 2-TCM fit versus 1-TCM fit, (b) 1-TCM versus Logan plot
and (c¢) 2-TCM versus Logan plot. All fits used metabolite-corrected
plasma radioactivity as the input. Bland—Altman plots with 95% con-

central nervous system drugs are lipophilic weak basic com-
pounds. Those such as ['®FIMC225 are favourably absorbed
in the pancreas, which contains abundant alkaline pancreatic
juice, for the reason that basic compounds cannot be ionized
in basic medium.

Other organs with high values of absorbed radiation were
excretory organs, such as the liver, gallbladder wall, small
intestine and kidneys. Interestingly, absorbed dose was also
high in the heart walls and adrenals; this can be explained by
the fact that ['®F]MC225 possesses a 6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline substructure, which has weak ago-
nistic or antagonistic activities on the p-adrenoceptor [37].

The mean effective doses with and without urination were
calculated as 16.7 and 16.8 pSv/MBq, respectively, which
correspond to 3.1 mSv of effective dose when 185 MBq
of ['®FIMC225 was administered. The effective dose of
3.1 mSv/185 MBq is within the strict limit of 10 mSv set in
the ICRP recommendations [38]. Moreover, the highest dose
in the pancreas of 38 mGy/185 MBq is also within the strict
limit for individual organs set in the US Radioactive Drug
Research Committee regulations [39]. Although the rate of

fidence intervals represent the difference of V; versus mean Vi, for
(d) 2-TCM fit versus 1-TCM fit, (e) 1-TCM versus Logan plot and (f)
2-TCM versus Logan plot

['8FIMC225 excretion in urine was significantly slower in
humans than in mice, in terms of effective dose, the discrep-
ancy was small between those extrapolated from mouse bio-
distribution data (15.7 and 16.9 pSv/MBq with and without
urination, respectively) [24] and those in the present human
study. Organ-absorbed doses in the liver, gallbladder wall,
pancreas and heart wall were 2 to 3 times higher than those
estimated from the mouse biodistribution study. In contrast,
the present organ-absorbed doses in the small intestine, large
intestine wall and urinary bladder wall were 1/2 to 1/5 lower
than those estimated from the mouse study. This might be
due to the slower hepatobiliary and urine excretion of radio-
activity in humans than in mice. Other organ-absorbed doses
determined in the present human study are mostly equivalent
to those estimated from the mouse study.

The slower hepatobiliary and urine clearance of radioac-
tivity might be caused by the slower peripheral metabolism
of ['®F]M(C225 in humans than in rodents. P-gp is expressed
on the luminal side of the capillary endothelial cells in the
brain. In contrast, P-gp is expressed on the opposite side
of the epithelial lumen in extra-brain tissues, such as the
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Fig. 7 Mean decay-corrected TACs of whole blood (open red circles),
plasma (open black circles), metabolite corrected plasma (closed
blue squares) and unchanged fraction of ['*FIMC225 (open black

intestine, liver and kidney; i.e., in bile canaliculi, intestinal
lumen and proximal tubule lumen [40]. When [''FIMC225
is delivered from the capillaries to hepatocytes, intestinal
epithelia and distal convoluted tubular epithelial cells, ['*F]
MC225 itself is excreted to the intestinal lumen, bile and
urine. However, clearance of the radioactivity from these
organs is very slow. In urine, only hydrophilic metabo-
lite was detected and ['®F]MC225 itself was not detected,
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Time after injection (min)

squares) after intravenous injection of ['®F]MC225 into human sub-
jects (a). Values for 5 min (b) extracted from a. The data represent
the mean + SD in 5 subjects

meaning that most of the intracellular trapped ['*F]MC225
may not exist as its free form: substrate for P-gp. A possi-
ble explanation for these slow kinetics in peripheral organs
could be the presence of unknown trapping mechanisms of
['8FIMC225, including generation of a retentive interme-
diate metabolite; non-specific binding to membrane, lipid
and protein; and the existence of an off-target binding site,
among others.
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Table 4 Percentages of radiolabelled metabolites in plasma after
intravenous injection of ['|FIMC225

Time (min) HMI HM2 ['|FIMC225
3 41+1.1 6.8+3.5 88.6+3.1
10 11.3+3.1 6.8+£2.0 80.6+3.4
20 16.8+5.9 49+15 77.0+6.2
30 243+52 3.5+0.8 71.1+6.1
40 30.0+6.9 25+13 655+7.1
60 40.4+7.8 37+1.3 54.8+7.9

HM hydrophilic metabolite

The data obtained in healthy male subjects (n=35), represented as
mean+SD

['8FIMC225 was widely and homogeneously distributed
in brain grey matter regions. We selected V; as an outcome
measure of P-gp function [18]. Because [BFIMC225 is a
weak P-gp substrate, it is only partially transported by P-gp
across the BBB and may either enter the brain (and possibly
interact with other brain structures) or be transported back
to the blood by P-gp. In this case, the efflux rate constant k,
can be interpreted as a measure of P-gp function. As k, can
be blood flow dependent, V. can be used as an alternative
measure of P-gp function that would obviate the need for
separate blood flow measurements. In a previous study, both
K, and V were used to estimate P-gp function at the BBB in
non-human primates [22]. In the case of ['*F]M(C225 being
immediately transported back to the blood by P-gp, K, can
be interpreted as a measure of P-gp function. However, K;
is blood flow dependent and correct interpretation of the
results may require separate measurements of cerebral blood
flow.

The f values were consistently very low (<0.4%), and
there was evidence that ['®*F]MC225 had adhered to the
ultrafiltration tubes and/or membrane, which may have led
to underestimation of fp. Normalization of V; by f, results in
unusually high values (> 1000) and hence was not applied
in this study.

In this preliminary study, we observed large individual
differences of V; in the grey matter regions and choroid
plexus. The coefficient of variation (CV) of interindivid-
ual Vyin 1-TCM, 2-TCM and Logan plot was 26% + 4%,
26% +4% and 24% + 4%, respectively. In contrast, intrain-
dividual differences of V; in these regions were relatively
small: the CV of intraindividual V; in 1-TCM, 2-TCM and
Logan plot was 11% +3%, 11% +3% and 10% +3%, respec-
tively. The large interindividual variances can be attributed
to individual differences in P-gp density and/or function.
Many factors are considered to possibly affect P-gp expres-
sion and function, among which several lines of evidence
have suggested that the abundance and activity of P-gp at
the human BBB decreases with increasing age [41-45]. This

theory is in agreement with the present finding of higher Vi
(2-TCM) values of ['®F]MC225 in the grey matter regions
of 3 middle-aged subjects when compared with those in the
2 youngest subjects (Supplemental Fig. 2).

Another point for consideration is the diurnal variation
in P-gp function [46], which has been detected at the BBB
using ['8FIMC225 in rats [47]. In the present study, ['8F]
MC225 was administered in cohort B at 10:00 am in 1 sub-
ject and at 13:00-14:00 pm in the other 4 subjects. There
was no trend between injection time and Vi in this small
cohort.

Although we did not observe any effect of body mass
index on the Vi of ['8FIMC225 in our small sample,
increased body mass index is associated with reduced
expression of P-gp in the human brain [48]. Interestingly,
low-density lipoprotein receptor-related 1 and P-gp are
altered in diabetes mellitus (DM) [49]. These molecules
cooperate in the clearance of extracellular AP from brain
parenchyma to the capillaries [50]. P-gp has been identi-
fied not only in BBB, but also in neuronal cells, astrocytes
and microglia [51]. Furthermore, oxidative stress [52] and
neuroinflammation [53], which are observed in several neu-
rodegenerative diseases, including AD, can modulate P-gp
expression. Because DM is a risk factor for cognitive impair-
ment (including AD) and BBB dysfunction [54, 55], the
mutual relationships of DM and neuroinflammation to Ap
and P-gp function are of great interest.

A limitation of this study is the lack of analysis of MDR1
gene polymorphism in the subjects. Several single nucleotide
polymorphisms (SNPs) have been reported for the MDR1
gene, which encodes P-gp. A synonymous C3435T polymor-
phism in exon 26 was reported to be associated with a lower
expression level of P-gp in the duodenum [56]. However,
the contribution of MDR1 variants to the expression of P-gp
(both at protein and mRNA levels) remains controversial.
Several previous quantitative analyses of P-gp function with
[''C]verapamil at the BBB did not support evidence that
C3435 SNPs in exon 26 MDR1 gene haplotypes (3 SNPs:
C1236T, G2677T and C3435T) influence the kinetics of
['!C]verapamil [44, 57, 58].

We found a moderate correlation between Vi (2-TCM)
and SUV AUC of TACs (#*>0.59) than between Vi
(2-TCM) and negative slope of SUV TACs (r*=0.53). AUC
30-60 min 1ight be preferable because AUC 3 i, 15 more
likely to be affected by variability in plasma and brain kinet-
ics at early time points. A simplified surrogate parameter
that does not require arterial blood sampling and has a short
scan duration is clearly preferable in the clinical setting.
However, the analytical time frame in the present study was
not fully optimized and further validation is necessary in
test—retest and in drug-loading studies.

The present Vi values in grey matter were significantly
higher than for any other previously developed strong P-gp
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substrate tracer [16—18] and currently studied weak sub-
strate [34, 35]. ["® F]M(C225 is the first clinically available
18F_labelled P-gp substrate and the brain images are better
than for previously evaluated ''C-labelled P-gp substrate
because of the higher brain uptake and higher counting sta-
tistics for '8F radionuclide. It is necessary in future stud-
ies to determine whether ['*F]MC225 can detect functional
impact on disease-induced reduction or induction of P-gp at
the BBB and to conduct further test—retest and drug-loading
validation of ['®F]M(C225. These validation studies are cur-
rently ongoing and preliminary impressive drug-loading
images have been reported [59].

There are numerous possible clinical applications of
['8F]IMC225. For example, ['FIMC225 PET can predict
drug resistance in patients with brain tumours, epilepsy and
treatment-resistant psychiatric illness. Consequently, ['®F]
MC225 PET might inform physicians of the potential phar-
macokinetic action of viable medication. P-gp expression
begins to decline in middle-aged cognitively healthy indi-
viduals, leading to gradual AP accumulation [43]. Hence,
imaging P-gp function at the BBB in the very early stages of
AB depositions is of crucial importance. ['*FIMC225 PET
may be a valuable tool for identifying the very early phases
of AD progression. There is no doubt early intervention is
critical and restoring defective transport-mediated clearance
to prevent initial deposition of AP may slow or halt dis-
ease progression. Enhancing the expression and function of
P-gp in the brain could present as an effective therapeutic
strategy to reduce levels of neurotoxic AP species in AD.
['8FIMC225 PET can be applied to monitor the effect of
P-gp inducers which promote the clearance of Ap from the
brain. The ability of ['8F]MC225 to measure increases in
P-gp function has been confirmed in a study that reported
that the administration of a P-gp inducer to healthy rats
decreased the Vy and K, values of ['*FIMC225 compared
with controls [60].

Conclusions

The initial findings of the present study in a small group of
subjects indicated that ['* F]MC225 PET is feasible for imag-
ing P-gp function in the brain, and has acceptable radiation
dose and pharmacological safety at the dose required for
adequate PET imaging. The brain uptake of ['SF]MC225
can be calculated as V; as an indicator of BBB P-gp func-
tion. The V; values in grey matter are significantly higher
than those of any P-gp tracers ever developed; therefore,
['8F]MC225 might be a suitable PET tracer for measuring
both increases and decreases of P-gp function. A simplified
parameter such as AUC of TACs may be used as an alterna-
tive to V.. We expect that these positive findings will lead
to further application of [!®F]MC225 to the evaluation of
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altered P-gp function at the BBB in patient populations. To
enable such applications, test—retest and drug-loading stud-
ies are required to fully validate the quantification method
of P-gp function with ['8F]MC225.
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